Effect of Compaction Banding on the Hydraulic Properties of Porous Rock: Part I—Experimental Investigation by Leuthold, Julia et al.
Vol.:(0123456789) 
Rock Mechanics and Rock Engineering 
https://doi.org/10.1007/s00603-021-02427-w
ORIGINAL PAPER
Effect of Compaction Banding on the Hydraulic Properties of Porous 
Rock: Part I—Experimental Investigation
Julia Leuthold1  · Eleni Gerolymatou2 · Maximiliano R. Vergara1,3 · Theodoros Triantafyllidis1
Received: 19 March 2020 / Accepted: 1 March 2021 
© The Author(s) 2021
Abstract
The mechanical behavior and the influence of compaction banding on the hydraulic properties in soft porous rocks were 
studied. The tested rock was Calcarenite Tuffeau de Maastricht. In the frame of experimental investigations, triaxial and 
oedometric tests were conducted under dry and drained conditions. The results demonstrated that the rock is forming discrete 
compaction bands under high confining stresses and steep angle shear bands under low confining stresses. Permeability 
measurements during the oedometric and triaxial compression tests under drained conditions demonstrated that the axial 
permeability decreases with increasing axial strain. The maximum permeability decrease was three orders of magnitude for 
40% of axial strain.
Keywords Compaction band · Rock permeability · Grain crushing · Strain localization · Porous rocks
1 Introduction
The permeability of rock is of paramount importance to a 
variety of applications, such as oil and gas exploitation, CO2 
storage, and geothermal energy exploitation. Most of these 
applications are linked to large depths and, as a result, to 
high stresses. The initial in situ stress is disturbed not only 
by the construction of the necessary boreholes, but also by 
the production itself, which leads to a significant variation 
of the effective stress. Under such conditions, the likelihood 
of material yield increases, especially as far as the formation 
of compaction bands is concerned, since the in situ mean 
pressure is high.
Compaction bands are thin tabular strain zones of local‑
ized deformation with negligible shear offset. They have 
been observed in the field, for example in Aztec Sandstone 
in Nevada Sternlof (2006), in Navajo Sandstone in Utah 
Antonellini et al. (1994), and in the Orange area in France 
Ballas et al. (2012). The compaction bands observed in 
situ were up to 100 m long and 1–10 mm thick. The for‑
mation of compaction bands has also been studied in the 
laboratory, e.g., in quartz sandstones (Klein et al. 2001; 
Baud et al. 2004; Olsson and Holcomb 2000; Bésuelle et al. 
2000), carbonate rocks (Baxevanis et al. 2006; Cilona et al. 
2012; Papazoglou et al. 2017; Baud et al. 2009; Vajdova 
et al. 2012), and mudstone (Oka 2011). The results dem‑
onstrated that the response changes from brittle to ductile 
with increasing confining stress. The formation of compac‑
tion bands was observed under high confining stresses, but 
under low confining stresses, the formation of shear bands 
was observed. The formation of compaction bands has also 
been documented in other materials like gas foam (Forest 
et al. 2005), honeycombs (Papka and Kyriakides 1999), and 
snow (Barraclough et al. 2016).
The influence of compaction bands on the hydraulic prop‑
erties of the material has been investigated in the field and in 
the laboratory. Ballas et al. (2012) studied the permeability 
decrease in naturally occurring shear enhanced compac‑
tion bands in the Orange area in France. They observed a 
decrease in permeability in the bands by up to 4 orders of 
magnitude in comparison with the intact rock. Holcomb and 
Olsson (2003) studied the permeability evolution in Castel‑
gate Sandstone in triaxial tests. They observed a permeabil‑
ity decrease with increasing axial strain by up to two or three 
orders of magnitude. Furthermore, the results showed that 
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the decrease in permeability begins with the onset of plastic 
deformation and terminates with the end of the compaction 
process accompanied with the beginning of the hardening 
process. Another study by Baxevanis et al. (2006) inves‑
tigated the permeability evolution in triaxial tests on Cal‑
carenite Tuffeau de Maastricht. The measured decrease in 
permeability was under one order of magnitude at an axial 
strain of 1.5%. It must be noted that the test ended before 
the compaction process was completed. A comparison of the 
various studies shows that the results are contradictory, as 
to the magnitude of the permeability reduction. Therefore, 
one objective of this study was to find out whether the per‑
meability of Calcarenite decreases with further deformation 
and whether a decrease in permeability of 2–3 orders of 
magnitude can be achieved. To establish a relation between 
the compaction process and the decrease of permeability in 
the rock, the relation between void ratio and permeability 
is often described by the Kozeny–Carman (Kozeny 1927; 
Carman 1997) equation. However, Baxevanis et al. (2006) 
already observed deviations from the Kozeny–Carman law at 
rather small strains. This may be due to non‑uniform strains 
in the specimen or to grain crushing. In different studies, 
the investigation of thin sections indicates that compaction 
can lead to grain crushing in the compaction bands (Klein 
et al. 2001; Menéndez et al. 1996). Grain crushing increases 
the specific surface and could be taken into account in the 
Kozeny–Carman equation. Therefore, the compaction pro‑
cess is also studied with thin sections on a micro scale.
2  Tested Rock
The tested rock is Calcarenite Tuffeau de Maastricht, a yel‑
lowish carbonate grain stone with a high porosity and a weak 
cementation between the grains. Figure 1 shows a picture of 
the rock in a block.
The rock is from a quarry in Maastricht and all speci‑
mens are cored from the same block. The initial porosity of 
the rock is 52% and the mineralogical composition is 98% 
calcite. The material was selected, because, according to 
other studies by Baxevanis et al. (2006) and Papazoglou 
et al. (2017), the rock fails by the formation of compac‑
tion bands under high confining stresses perpendicular to 
the bedding. From a thin section, a mean grain size of 100 
μm was measured.
3  Experimental Test Setups and Specimen 
Preparation
To investigate the mechanical properties, uniaxial compres‑
sion tests, triaxial compression tests, and a hydrostatic com‑
pression test were conducted on dry specimens. For these 
tests, an MTS 0815 testing system was used. Figure 2 shows 
a picture of the machine.
The setup can apply a maximum axial load of 4600 kN 
and a maximum confining pressure of 140 MPa. The local 
axial deformation and the local circumferential deformation 
are measured with extensometers on the specimen in the 
lower and upper third partition and in the middle of the spec‑
imen, respectively. In Fig. 2 the extensometers for the local 
deformation measurements are shown. The chain around the 
midsection of the specimen is for the circumferential strain 
measurement and the bridge above for the measurement of 
the axial strain. The local axial strain was measured over a 
length of 50 mm.
The cylindrical specimens were cored perpendicular to 
the bedding and had a height of 140 mm and a diameter 
of 69 mm. The uniaxial and triaxial compression tests 
were all conducted under strain control at a displacement 
rate of 0.1 mm/min, while the hydrostatic test was stress‑
controlled at a loading rate of 2.04 MPa/min. The repeti‑
tion of single triaxial compression tests at low and at high 
Fig. 1  Maastricht Calcarenite: a block material; b picture with a microscope and graph paper
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confining pressures showed that the reproducibility of the 
mechanical behavior is good and that there is no signifi‑
cant material scattering. Therefore, only one specimen was 
tested for each confining pressure.
To investigate the influence of compaction banding on 
the hydraulic properties, drained triaxial tests on water 
saturated specimens were performed. For these tests, a 
different test device was used. In this test device, the axial 
displacement is controlled manually. The displacement of 
the piston in vertical direction is applied with a hydraulic 
hand pump and the confining stress with an electrically 
driven oil pressure pump. Figure 3 shows a sketch and a 
photograph of the used test setup for the drained triaxial 
tests.
The global axial strain is measured by means of two 
external dial gauges rigidly connected to the vertical piston. 
However, the stiffness of the piston is high compared to that 
of the specimen. Local measurements were not performed. 
The cylindrical specimens were again cored perpendicular 
to the bedding. They had a height of 100 mm and a diameter 
of 50 mm. The specimens were prepared in the same way as 
those for the triaxial tests under dry conditions. The load‑
ing plates were equipped with filter plates made of stainless 
steel from the company SIPERM with a thickness of 5 mm, 
a porosity of 50%, and a permeability of 10−6 m/s. For the 
tests, de‑mineralized and de‑aerated water was used. The 
specimen was first placed under vacuum with a vacuum 
pressure of − 0.08 MPa and then saturated at a pore pres‑
sure of 0.2 MPa on both of its sides. This procedure ensured 
that the specimen had a saturation degree of 98%. The axial 
permeability was measured in increments of 1% axial strain. 
The permeability measurements were stationary and the 
pore pressure on both sides of the specimens was at least 0.2 
MPa, so that the specimens were continuously saturated. For 
the calculation of the permeability, the change of the speci‑
men height as well as the pressure loss in the system were 
considered. The tests were stopped at an axial strain of 10%.
In addition to triaxial tests, oedometric tests under dry 
conditions were performed within this study. In an oedom‑
eter test, the specimen is placed in a steel ring, so that the 
strain in radial direction is inhibited. The ring is made of 
stainless steel, and has a height of 20 mm, an inner diameter 
of 60 mm, and a thickness of 5 mm. The specimens were 
Fig. 2  left: testing apparatus 
used for the triaxial tests under 
dry conditions; right: specimen 
with local deformation measure‑
ment devices in the testing 
machine
Fig. 3  Test setup used for the triaxial tests under drained conditions
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cored perpendicular to the bedding and had a height of 19 
mm and a diameter of 60 mm. The test was performed using 
the MTS 0815 testing machine with a displacement rate of 
0.1 mm/min.
Drained oedometric compression tests with permeability 
measurements were performed on saturated specimens. For 
the compression test, two different test devices were used. 
One test device, called test setup 01, is a test device where 
the axial stress is applied manually with a wheel and the 
axial strain is measured at the axial piston by means of a dial 
gauge (Vergara et al. 2014). The maximum load cell capac‑
ity of the test device was 50 kN. In test setup 02, the axial 
stress is applied with a hydraulic pump and the maximum 
load is 200 kN. The axial strain is also measured with a dial 
gauge. In Fig. 4, a sketch of the specimen in the ring and 
in the oedometer cell and a picture of test setup 01 and test 
setup 02 are shown.
The specimens were cored perpendicular to the bedding 
and had a height of 20 mm and a diameter of 60 mm. The 
specimen was set in a ring made of steel with an inner diam‑
eter of 60 mm and a thickness of 10 mm. To ensure a good fit 
of the specimen in the ring, the ring was heated to up to 200◦ 
before inserting the specimen without confinement into the 
ring. Analytical calculations that considered the heating of 
the steel ring result in a pre‑stress in radial direction of 200 
kPa after cooling to room temperature. The load plates were 
equipped with filter plates as in the drained triaxial tests. The 
saturation of the specimen was performed as in the drained 
triaxial tests. The permeability was measured at increments 
of 1% axial strain. The test had to be stopped when the axial 
load reached the maximum load cell capacity.
To conduct permeability measurements of specimens 
with larger deformation, another testing procedure, called 
test setup 03, was followed. The specimens were initially 
compressed oedometrically under dry conditions. A thicker 
ring with 40 mm inner diameter and 15 mm wall thickness 
was used to avoid plastic deformation of the ring during 
loading. Subsequently, the specimens were taken out of the 
machine and installed in test setup 02. There, the specimen 
was fixed in axial direction with an axial stress of 3 kN 
and saturated in the same manner like the other specimens 
described above. Then, the permeability of the compacted 
specimens was measured with the measurement device of 
the drained oedometer tests. In this way, it was possible to 
measure the permeability of specimens which have a final 
axial deformation under dry conditions of up to 39%. To 
verify the test results and to quantify the effect of saturated 
conditions during the compaction process, a second oedom‑
eter test was performed using the test setup 02. With test 
setup 02, it was possible to deform the water saturated speci‑
men inside the cell in the axial direction to an axial strain 
of 40% and to measure the permeability of the deformed 
saturated specimens.
4  Experimental Results
In this study, triaxial compression and oedometer tests under 
dry as well as under drained conditions were performed. The 
procedure and results are presented in this section.
4.1  Uniaxial, Isotropic, and Triaxial Compression 
Tests Under Dry Conditions
First results from compression tests under dry conditions are 
presented. Figure 5 shows four specimens that were tested 
under triaxial conditions at different confining pressures. 
The failure mode of the specimens indicates a transition 
Fig. 4  Schematical view of the oedometer test, test setup 01 with a maximum load of 50 kN, and test setup 02 with a maximum load of 200 kN
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from shear to compaction failure with increasing confining 
stress. The specimen in Fig. 5a was tested in uniaxial com‑
pression and failed forming a steep angle shear band. The 
second specimen (Fig. 5b) was tested at a confining stress 
of 1 MPa and failed as well by forming a steep angle shear 
band, even though the inclination of the shear band to the 
vertical axes in this case seems to be somewhat smaller than 
for the specimen in Fig. 5a. The third specimen in Fig. 5c 
was tested at 1.5 MPa and presents the formation of low‑
angle diffuse shear bands in the upper part of the specimen. 
The specimen shown in Fig. 5d was tested at a confining 
stress of 2.5 MPa and shows several horizontal compaction 
bands in the upper part. The lower part looks intact.
The compaction bands in the specimen were discrete and 
the cementation locally dissolved as a result of the com‑
paction process. This led to the formation of discontinui‑
ties in the specimen that opened when the specimen was 
unloaded. The failure pattern indicates that the compaction 
process started at the upper part of the specimen and propa‑
gated downwards with increasing axial strain. In Fig. 6, the 
response curves of the different uniaxial tests are presented. 
In Fig. 6a, the deviatoric stress is plotted against the external 
axial strain. One test was performed controlling the axial 
strain rate and the other test controlling the circumferential 
strain rate.The advantage of the circumferential strain con‑
trol is the fact that the post‑failure response can be followed 
more closely. Instead of the abrupt stress reduction usually 
observed, in this case, the decrease of the axial strain during 
inelastic deformation can be clearly seen. Figure 6b shows 
the circumferential strain plotted against axial strain for both 
test methods. The values for the circumferential strain are 
similar for both tests, but the different control variables are 
visible in the curve progression. Figure 7 shows the speci‑
mens after both uniaxial compression tests. In Fig. 7a, the 
specimen that was tested under circumferential strain control 
and, in Fig. 7b, the specimen after the axial strain controlled 
test are shown. The pictures demonstrate that both speci‑
mens failed by the formation of a steep angle shear band. 
On a more detailed visual examination of the specimen in 
Fig. 7a, it was found that the fracture had a discontinuous 
inclination and propagated from imperfection to imperfec‑
tion on the surface of the specimen. In the other specimen, 
no correlation could be established between the imperfec‑
tions of the rock and the geometry of the shear band.
Fig. 5  specimens after the 
triaxial tests at different confin‑
ing pressures, from left to right: 
uniaxial, 1.0 MPa, 1.5 MPa, and 
2.5 MPa
Fig. 6  Results of uniaxial com‑
pression tests with different test 
methods, with axial strain rate 
control and with circumferential 
strain rate control: a axial stress 
plotted against axial strain; b 
circumferential strain plotted 
against axial strain
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In Fig. 8a, the differential stress is plotted against the 
axial strain for low confining pressures up to 1.5 MPa. The 
failure is brittle for the test performed at a confining pres‑
sure of 1 MPa. For the triaxial test at a confining pressure 
of 1.5 MPa, the behavior observed is between brittle and 
ductile, as the initial reduction in axial stress is only slight 
and subsequently followed by a plateau. The results of tri‑
axial tests at high confining pressures are given in Fig. 8b. 
The overall response is ductile and plateaus of different 
lengths were observed in all tests. It is assumed that the 
spontaneous stress drops observed in the curve progression 
are a result of the formation of compaction bands in the 
specimens, which further indicates the formation of discrete 
rather than diffuse zones of localized deformation. The hard‑
ening phase starts at the end of the plateau, which becomes 
shorter for higher confining pressures. This means that there 
is less axial deformation in the compaction process under 
increasing confining pressure. Figure 9 shows pictures of 
the specimens after the triaxial tests with different confin‑
ing pressures. Several discrete compaction bands are visible 
in all specimens. Figure 10 shows the results of the iso‑
tropic compression tests. In Fig. 10a, the confining pressure 
is plotted against external axial strain. The stress response 
is typical for an isotropic test and differs from the one of 
the triaxial tests, because the stress increases further after 
the yield point, meaning that the hardening starts with the 
onset of plastic deformation. In Fig. 10, volumetric strain is 
plotted against mean stress. The volumetric strain is calcu‑
lated under the assumption of a homogeneous deformation 
behavior in the inelastic deformation regime. This means 
that the volumetric strain is calculated with the results of 
the local strain measurements in radial and in axial direc‑
tion: v = r + a , with r for radial strain and a for local 
axial strain. The experimental results of the present study 
Fig. 7  The specimens after the 
uniaxial compression tests: a 
circumferential strain controlled 
and b axial strain controlled
Fig. 8  Results of triaxial 
compression tests with different 
confining pressures: a small 
values for the confining pressure 
and brittle failure behavior; b 
high values for the confining 
pressures and ductile failure 
behavior
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are plotted together with those from Papazoglou (2018) who 
used the same material. The comparison of the results shows 
that the behavior from the stress‑controlled tests and the one 
from Papazoglou (2018) are similar to each other. After the 
test, no discrete compaction band was visually observed in 
the specimen and no destructuration was visible at the initial 
inspection. However, after being placed in water, the speci‑
men fell apart, indicating that debonding had taken place.
In Fig. 11, the local strain measurements during dif‑
ferent compression tests are plotted against the external 
axial strain.The circumferential strain is plotted against the 
external axial strain in Fig. 11a. Since the specimens are 
Fig. 9  The specimens after triaxial compression tests with different confining pressures: a 3.25 MPa; b 4 MPa; c 5 MPa; d 6 MPa
Fig. 10  Results of isotropic 
compression tests with differ‑
ent test methods: a confining 
pressure plotted against axial 
strain; b volumetric strain plot‑
ted against mean stress together 
with experimental results from 
Papazoglou (2018)
Fig. 11  Results of local strain 
measurements on the surface of 
the specimen: a circumferential 
strain plotted against external 
axial strain; b local axial strain 
plotted against external meas‑
ured axial strain
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cored perpendicular to the bedding plane and the material 
is homogeneous on the macro scale, it can be assumed that 
the circumferential strain is equal to the radial strain. In tri‑
axial compression tests with low confining pressures, such 
as 1 MPa, the circumferential strain increases during the 
inelastic deformation, as a result of the formation of shear 
fractures. In the tests under higher confining pressures, the 
circumferential strain stays constant at the onset of plastic 
deformation. As shown by the failure pattern of the speci‑
men tested at 2.5 MPa confining pressure in Fig. 5d, the 
compaction process begins at the upper end of the specimen, 
and with increasing axial deformation, the compaction zone 
propagates to the middle. The circumferential strain is meas‑
ured in the middle of the sample. Therefore, the circumfer‑
ential strain begins to change as soon as the compaction 
front has reached the middle of the specimen. In the test at 
a confining pressure of 3.25 MPa, the circumferential strain 
shows extensions when the compaction process in axial 
direction reaches the middle of the specimen, then remains 
constant as the rest of the specimen compacts, and increases 
again when the whole specimen is fully compacted and the 
hardening starts. In the visual inspection of the specimen, 
a discrete compaction band under the chain was observed, 
and additionally, the sleeve showed a fold at the band. This 
could have influenced the measurement. For higher confin‑
ing stresses, 5 MPa and 6 MPa, the circumferential stress 
decreases when the compaction front reaches the middle 
of the specimen and increases when the hardening of the 
specimen begins. When comparing the results of the differ‑
ent tests, during the plateau phase, radial extension at ‘low’ 
confining pressures and radial compaction at ‘high’ confin‑
ing pressures is documented. The onset of the deformation 
takes place earlier with increasing confining stress, as one 
would expect from the fact that the stress plateaus become 
shorter with increasing confining stress.
For some triaxial tests, the local axial strain was meas‑
ured with two extensometers on the surface of the specimen. 
These measurements are used to investigate the influence 
of the boundary conditions at the end plates on the meas‑
urement. In Fig. 11b, the axial strain measured with exten‑
someters for different confining pressures is plotted against 
the axial strain measured by the displacement of the axial 
piston. In the test with a confining pressure of 1 MPa, the 
local axial strain increases monotonically from the begin‑
ning of the test. However, the inclination of the curve is 
smaller than 1.0, meaning that the axial strain measured 
with the displacement of the piston is larger than the axial 
strain measured with the extensometers. This could be due 
to the friction between the end plates and the specimen, but 
is most likely a result of the smaller stiffness of the interface 
between end plates and specimen. In the tests with high con‑
fining pressure, the axial strain of the extensometers stays 
constant from the onset of plastic deformation. This is also 
a result of the localized deformation, because the compac‑
tion process starts at the upper part of the specimen. When 
the compaction front reaches the measurement range of the 
local axial strain, the axial strain increases again. For the 
measurement of the elastic modulus and the Poisson’s ratio, 
unloading and reloading cycles have been conducted in the 
elastic part of the compression tests. In Table 1, the elastic 
parameters are presented for different confining pressures. 
The elastic modulus, the Poisson ratio, the secant modulus, 
and the bulk modulus were measured externally and locally. 
The fraction of the global modulus to the local modulus 
ranges from 0.37 to 0.75. This means that the local stiffness 
is in all cases significantly higher than the global one. It can 
also be stated that the global secant moduli do not exhibit a 
marked dependence on the confining pressure.
4.2  Triaxial Compression Tests Under Water 
Saturated Conditions
In the following, the results of drained triaxial tests with dif‑
ferent confining pressures and with saturated specimens are 
presented. The results demonstrate that the failure mode is 
the same under water saturated as under dry conditions. In 
Fig. 12, the mean stress is plotted against the axial strain for 
four different confining pressures.Under the confining pres‑
sure of 2.5 MPa, the material response was ductile. In every 
specimen, compaction bands were observed, with small 
ruptures that are a result of the destruction of the cementa‑
tion between the grains. In Fig. 13, three specimens after 
Table 1  Elastic parameters Test Elocal (MPa) Eglob (MPa) local (–) Es,loc (MPa) Es,global (MPa) Ev,loc (MPa) Ev,glob (MPa)
Uniaxial 2730 1000 0.20 2913 1247 – –
1 MPa – – – 3163 1431 – –
2.5 MPa – – – 3017 1511 – –
3.25 MPa – 1160 0.17 – 1645 – –
4 MPa 3524 2647 0.14 – 1451 – –
5 MPa – – – – 1494 – –
6 MPa – – – – 1152 – –
Hydrostatic – – – – – 4647 3123
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the triaxial tests at different confining pressures are shown.
The entrapment of air voids, which can be observed in the 
specimen in Fig. 13c, is a result of the unloading after the 
test, when the pore pressure was set to zero. The specimen in 
Fig. 13c, close to the plastic onset of the wet rock, exhibits 
a strong deformation in the radial direction.
4.3  Failure Locus
To determine the tensile strength of the rock, indirect ten‑
sile strength test was conducted under dry conditions. For 
these tests, a uniaxial testing machine was used that has a 
maximum testing force in the axial direction of 550 kN and 
a regulation range for the displacement rate from 0.001 to 
500 mm/min. The tests were performed according to the 
recommendation of the DGGT Lepique (2008) and the ten‑
sile strength is calculated with the following equation:
with F as the maximum force, D as the diameter, and as l the 
length of the specimen. The results of the tensile strength 
test are given in Table 2.It was not possible to conduct indi‑
rect tensile strength tests under drained conditions. With the 
results of the compression tests and the tensile strength test, 
it is possible to plot the peak stresses of the water saturated 
and the dry rock. In Fig. 14, the differential stress is plot‑
ted against the mean effective stress and the two yield loci 
are illustrated.Comparison of the strength of the wet and 
the dry material indicates that the wet material is failing at 
lower stresses than the dry specimens. According to different 
studies (Castellanza and Nova 2004; Cai et al. 2019), this 
is to be expected, especially in a calcitic material, as in this 
case. The shape of the yield surfaces shows a cap in both 
cases. The yield locus of the dry rock appears non‑convex 





Fig. 12  Results of the drained triaxial tests with different confining 
pressures and mean stress plotted against axial strain
Fig. 13  The specimens after the triaxial compression test under 
drained conditions at different confining stresses, from left to right: 
2.5 MPa, 3.25 MPa, and 5.0 MPa
Table 2  Results of the tensile strength test perpendicular to the bed‑
ding
Maast‑Z‑1 Maast‑Z‑2 Maast‑Z‑3
Dry weight (g) 472.05 474.08 475.59
Water content (%) 0 0 0

d
 (g/cm3) 1.29 1.28 1.27
Diameter (mm) 97.30 97.00 97.60
Length (mm) 49.40 50.00 50.00
Fmax (kN) 2.668 2.419 2.665
t (MPa) 0.35 0.32 0.35
Fig. 14  The yield loci for the dry and the water saturated rock
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confining pressure of 4 MPa, marked in the figure, was per‑
formed a second time and the same value for the peak stress 
at the onset of plastic deformation was measured in this test.
4.4  Effect of Compaction Banding 
on the Permeability
The permeability during the drained triaxial compression 
tests with different confining stresses was measured. In 
Fig. 15, the permeability in the axial direction is plotted in 
logarithmic scale against the axial strain for four different 
confining pressures.
As expected, the permeability decreases with increas‑
ing axial strain. The permeability of the specimens that 
have been tested at 2.5 MPa and 3.25 MPa confining stress 
shows the same response. The other two curves exhibit a 
different inclination. The permeability of the specimens 
tested at a confining stress of 4 MPa and 5 MPa show 
a sharp decrease with the onset of plastic deformation. 
One reason for this behavior could be the strong deforma‑
tion of the specimen shown in Fig. 13. The permeabil‑
ity decrease in total is around one order of magnitude. 
However, as the permeability is still decreasing at an axial 
strain of 10%, the limit of the test device, it is possible 
that the permeability could decrease further with further 
deformation.
4.5  Oedometric Tests
The results of the oedometric test under dry conditions are 
qualitatively similar to the ones of the isotropic compression 
tests, in the sense that no clear plateau and no spontaneous 
unloadings were observed. The axial stress is plotted against 
the axial strain in Fig. 16b. After reaching the yield point, 
the axial stress continues to increase with further deforma‑
tion. This is to be expected, as the prevention of the lateral 
displacement leads to an increase of the lateral stress with 
growing axial strain.
In Fig. 16a, the results of the two oedometer tests under 
drained conditions in two different test setups are presented. 
The axial stress is plotted against the axial strain.The unload‑
ings in the stress–strain curve are a result of the strong creep 
and relaxation of the wet rock between the measuring points. 
The two curves are very similar. They both form a plateau 
after reaching the yield point and start showing hardening 
at an axial strain of 16%. In comparison to the results of the 
oedometer tests under dry conditions, it can be observed that 
the rock exhibits a pronounced plateau in the presence of 
water, which was absent in the dry specimens. At the same 
time, the stress in the saturated specimens is only slightly 
lower and the exponential hardening starts at only slightly 
larger deformations.
Figure 17 shows the results of the permeability measure‑
ments of the drained oedometer test in test setup 01, the 
results of the precompacted specimen (test 01), and the 
results of the oedoemeter test in test setup 02 (test 02).The 
permeability decrease begins in both curves with the onset 
of plastic deformation. The curves are close to linear in 
semi‑logarithmic scale, at least until a strain of about 25%, 
which means that the permeability decreases in the form 
of a power function. This is different to the results of the 
drained triaxial tests and can be a result of the increasing 
lateral stress. As the curve labeled with test 01 and test 03 
is forming a plateau at an axial strain of 37%, it could be 
Fig. 15  Permeability versus axial strain for drained triaxial compres‑
sion
Fig. 16  a The axial stress 
plotted against the axial strain 
for the oedometer tests under 
drained conditions: Test 01 
stands for the results of the 
oedometer test in Test Setup 
01 and Test 02 stands for the 
results of the oedometer test in 
test setup 02. b The axial stress 
plotted against the axial strain 
from an oedometer test under 
dry conditions
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deduced that the permeability is not decreasing as rapidly 
with further deformation, though additional points would 
be necessary to assess this conclusion with certainty. That 
would mean that the compaction process is completed. The 
complete permeability reduction is nearly three orders of 
magnitude. In the curve labeled as test 02, a plateau is not 
observed. That means that the permeability is decreasing 
with further deformation. The total permeability decrease 
is also of about three orders of magnitude. The difference 
between the two results is small and can be a result of scat‑
ter in the mechanical properties of the rock. Especially, the 
results of the normal compacted and precompacted specimen 
are in good accordance, even though the test setup and test 
methods are different.
4.6  Thin Sections
Thin sections of the specimens were produced pre‑ and post‑
mortem using blue epoxy. The main objective of this analy‑
sis was to clarify whether and to what extent grain crushing 
occurs during compaction The thin sections were investi‑
gated under a polarized microscope and images were taken 
for comparison.
Thin sections of the intact rock are compared with thin 
sections of a specimen compacted in an oedometer test 
under dry conditions. The blue space is the void space. The 
intact rock has a initial porosity of 52% and the compacted 
rock has a porosity of 36%. Figure 18a shows an image of 
a thin section of the intact rock at ×100 magnification and 
Fig. 18b shows an image of a thin section of the compacted 
rock with the same magnification. The images of the thin 
sections show that the grains of the rock have a size of 
50–150 μm and that they are mostly composed of different 
fragments of shells and corals. Furthermore, the rock has a 
high intra‑particle porosity within the shell fragments. These 
structures are from a static point of view more unstable and 
collapse with compaction of the rock. In the comparison of 
the two figures in Fig. 18, the decrease of the porosity and 
also grain breakage are visible. 
In Fig. 19, the thin section of the compacted rock with a 
magnification of ×200 is shown. In the middle of the image, 
a circular shell fragment that has been fragmented during 
the test is visible. Other fragmented grains are also visible 
in the figure, with examples marked in red ellipses. The 
Fig. 17  Permeability in the axial direction against axial strain for 
three different oedometer tests. In black are the results from tests with 
normal specimens in test setup 01 and in green the results from tests 
in test setup 03. The results in red are from a test with a normal speci‑
men in test setup 02
Fig. 18  Thin section of the a intact rock and the b compacted rock 
in an oedometer test at 35% of axial strain under ×100 magnifica‑
tion; the scale bar is 1 mm. The voids are in blue, because of the used 
epoxy (color figure online)
Fig. 19  Thin section of the compacted rock at 35% of axial strain 
under ×200 magnification; the scale bar is 500 μm
 J. Leuthold et al.
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thin sections demonstrate that pronounced grain crushing 
is present in the rock during the compaction process in the 
oedometer test under dry conditions. No thin sections were 
prepared from the specimens tested under triaxial condi‑
tions. In the literature Baxevanis et al. (2006) suggests that 
some grain crushing takes place, but it would be reasonable 
to expect a lesser extent of the phenomenon, given the lower 
mean pressures.
5  Discussion and Conclusions
The formation of compaction bands in Calcarenite de Maas‑
tricht was studied experimentally, under dry and under 
drained conditions. The tests demonstrated that under low 
confining pressures, the rock fails by the formation of steep 
angle shear bands and the transition from brittle to ductile 
failure was found to take place at a confining pressure of 
1.5 MPa, when the rock failed by the formation of low‑
angle diffuse shear bands in the upper part of the specimen. 
Under high confining pressures, the rock exhibits compac‑
tion bands. The formation of compaction bands started at the 
upper end of the specimen and propagated with increasing 
axial strain to the other side, an effect most likely of the 
spherical seat at the upper load plate. The higher the con‑
fining pressure, the smaller was the ability for deformation 
in axial direction during the compaction process. After the 
compression tests, discrete compaction bands were observed 
in the specimens. This is also supported by the observation 
of spontaneous stress drops in the strain controlled triaxial 
tests. They can be an effect of the heterogeneity of the rock 
or an intrinsic characteristic of the material. It is worth not‑
ing that the same effect was observed by Baxevanis et al. 
(2006), albeit in drained conditions, while Papazoglou et al. 
(2017) observed a continuous propagation of the compac‑
tion front.
In parallel to these tests, triaxial tests under drained con‑
ditions with high confining pressures, to ensure the forma‑
tion of compaction bands, were conducted with a different 
test setup. In these tests, the evolution of the permeability 
with increasing axial strain was measured. The results dem‑
onstrated that the permeability decreases with increasing 
axial strain about one order of magnitude at an axial strain of 
10%. To investigate the permeability decrease with further 
axial deformation, oedometer tests under drained conditions 
were conducted. The results demonstrated a decrease of the 
permeability of 3 orders of magnitude at 39% axial strain. 
This shows that the compaction of porous rocks can lead to a 
strong decrease of the permeability. Thin sections performed 
indicate that, at least in the oedometric tests, grain crushing 
takes place. This would seem to indicate that the high change 
in the permeability is linked not only to the reduction of the 
void ratio but also to an increase in the specific surface. In 
terms of mechanical response, it was found that wetting of 
the material results not only in a smaller elastic domain, but 
also in a yield surface with a different shape.
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